Well-annotated clinical samples are valuable resources for biomarker discovery and validation. Multiplex and integrated methods that simultaneously measure multiple analytes and generate integrated information about these analytes from a single measurement are desirable because these methods help conserve precious samples. We developed a magnetic bead-based system for multiplex and integrated glycoprotein quantification by immunoassays and glycan detection by lectin immunosorbent assays (LISAs).
The differential detection of glycosylated proteins is important to human health because changes in glycosylation are associated with many human diseases (1) (2) (3) (4) (5) (6) . Carbohydrate cancer antigen CA19-9 is increased in patients with colorectal cancer (5 ) . Prostate-specific antigen, the biomarker for early detection of prostate cancer, has decreased sialylation in the serum of patients with prostate cancer (6 ) . In patients with liver diseases, glycoproteins with increased fucosylation have been reported as candidate biomarkers (4, (7) (8) (9) . Detection of disease-related changes of glycan structures in proteins provides biomarkers with better disease specificity. Such an improvement has been demonstrated by ␣-fetoprotein (AFP), 2 a marker for hepatocellular carcinoma, and AFP-L3, a corefucosylated glycoform of AFP (10 ) . Because the enzyme fucosyltransferase Fut8 is overexpressed, detection of AFP-L3 provides better diagnostic specificity for hepatocellular carcinoma than detection of AFP alone (11 ) .
For analyses of glycoproteins and their glycoforms, analytical methods integrating glycoprotein quantification and glycan detection are desired. Mass spectrometry (MS)-based approaches for the integrated analyses are emerging (12) (13) (14) . Because the MSbased approaches usually require glycoproteins in relatively large quantities (nanograms to micrograms), they are impractical for routine analyses of wellannotated clinical samples that often have limited quantities. Multiplex magnetic bead-based immunoassays have been widely used for routine analyses of well-annotated clinical samples for biomarker discovery and validation for several reasons. These immunoassays require little sample preparation and are easy to perform. The assays are high throughput and can analyze a large number of samples in a short period of time. Lastly, the multiplex ability of these assays for simultaneous measurement of proteins in a single sample results in substantial saving of samples. Building on these advantages, we developed a multiplex magnetic beadbased system that integrates protein quantification with glycan detection.
Tissue inhibitor of metallopeptidase 1 (TIMP-1), tissue plasminogen activator (tPA), membrane metalloendopeptidase (MME), and dipeptidyl peptidase-IV (DPP-4) are glycoproteins previously discovered using MS-based proteomic analyses as candidate biomarkers in prostate cancer (15) (16) . Glycan structures of TIMP-1 from cell lines and plasma of patients with cancer have been well characterized and are mostly core fucosylated bi-, tri-, or tetraantennary (17) (18) . Glycan structures of DPP-4, MME, and tPA are less well characterized than those of TIMP-1. Although glycan profiles of MME were evaluated by lectin microarray (19 ) , the detailed glycan structures remain to be determined. Glycan structures of human recombinant tPA produced by Chinese hamster ovary cells have been reported to be core fucosylated and mono-, di-, and trisialylated (20 -21 ) . Glycan structures of rat kidney DPP-4 are a mixture of high-mannose-type sugar chains and mono-, bi-, tri-, and tetraantennary complex-type sugar chains (22) (23) .
Despite the previously published information on the glycan structures of TIMP-1, DPP-4, MME, and tPA, whether glycoforms of these proteins could serve as biomarkers to distinguish aggressive (AG) and nonaggressive (NAG) prostate cancers remains to be determined. In this study, we applied a multiplex integrated system to analyze TIMP-1, tPA, MME, and DPP-4 in tissues, as well as their glycoforms, as candidate biomarkers for AG prostate cancer. Molecular mechanisms of aberrant glycosylation have indicated increased ␤1-6 branching of N-glycans and ␣1-2 fucosylation in prostate cancer progression. Increases in ␤1-6 branching of N-glycans, which result from overexpression of GlcNAc-TV (UDP-GlcNAc:Man␣1-6Man␤-R ␤1-6-N-acetylglucos-aminyltransferase V) in cancer progression (24 ) , have been reported to be associated with lymph node metastasis in breast carcinoma and promotion of tumor growth and metastasis in many cancers (25) (26) (27) . Fucosylation in cancer progression has been best studied in hepatocellular carcinoma, which results in overexpression of the enzyme fucosyltransferase Fut8 (11 ) . Recently, quantitative real-time reverse-transcription PCR analysis of glycosyltransferases in normal tissue, tissue from prostate cancer patients, and prostate cancer cell lines indicated that cancer cells have higher mRNA concentrations of Fut1 [fucosyltransferase 1 (galactoside 2-alpha-Lfucosyltransferase, H blood group)], which encodes fucosyltransferase, an enzyme responsible for ␣1-2 fucosylation (28 ) . Because of the indications of increased ␤1-6 branching of N-glycans and ␣1-2 fucosylation as aberrant glycosylation in prostate cancer progression, we used the lectins phytohemagglutinin-L (PHA-L) and Ulex europaeus agglutinin (UEA), which preferentially recognize the ␤1-6 branched N-glycans and the ␣1-2 fucosylated N-glycans, respectively, in the multiplex lectin immunosorbent assays (LISAs).
Methods

REAGENTS AND CELL CULTURE
We purchased DPP-4, MME, and TIMP-1 capture and biotinylated detection antibodies and their recombinant proteins from R&D Systems. tPA capture and biotinylated detection antibodies were from Abcam. Detailed information for the antibodies and recombinant proteins are described in the Data Supplement that accompanies the online version of this article at http:// www.clinchem.org/content/vol59/issue1. Magnetic beads, amine coupling kits, and cytokine assay kits were purchased from Bio-Rad Laboratories. Biotinylated UEA, PHA-L, Aleuria aurantia lectin (AAL), and Vicia villosa agglutinin (VVA) were from Vector Laboratories. Cells from the human prostate cancer cell lines PC3 and DU145 were purchased from ATCC and were cultured according to the manufacturer's instructions.
CLINICAL SAMPLES
The 29 tissue samples analyzed in this study were from men with prostate cancer. Informed consent was obtained under protocols that were institutional review board approved and Health Insurance Portability and Accountability Act compliant. The tissue samples surgically removed were flash frozen, embedded in OCT (optimal cutting temperature) media, and stored at Ϫ80°C till cryostat microdissection. Twenty-one of the tissue samples were NAG prostate cancer defined by their pathological Gleason scores of 6; 8 samples were AG prostate cancer defined by their pathological Gleason scores of 8, 9, or 10. Both NAG and AG prostate cancer tissues were cryostatically microdissected from primary tissues to enrich the tumor content (29 ). The microdissected tissues were then lysed in radioimmunoprecipitation assay buffer on ice. We determined protein concentrations of the lysed tissue samples by using the bicinchoninic acid assay (Thermo Scientific) normalized to 1 mg/mL. The tissue samples were further diluted 50 times with PBS (13.7 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na 2 HPO 4 , 2.0 mmol/L KH 2 PO 4 , pH 7.4) to a protein concentration of 20 g/mL and stored at Ϫ80°C until use.
MAGNETIC BEAD-BASED INTEGRATED SYSTEM FOR TIMP-1
The TIMP-1 capture antibody was coupled to magnetic beads with the Bio-Rad amine-coupling kit used according to the manufacturer's instructions. Detailed procedures of the TIMP-1 immunoassays are de-scribed in the online Data Supplement. For TIMP-1 LISAs, 2 g/mL biotinylated TIMP-1 detection antibody used in the immunoassay was replaced with 20 g/mL of biotinylated UEA, PHA-L, AAL, or VVA. The TIMP-1 immunoassay and TIMP-1 LISAs were used to analyze TIMP1 in the culture media of PC3 and DU145 cells. Four samples were prepared by 4-fold serial dilutions of the neat culture media. We established a calibration curve using 8 calibrators of 100, 25, 6.25, 1.56, 0.39, 0.1, 0.025, and 0 ng/mL of TIMP-1 and used this curve to determine TIMP-1 protein concentrations.
MULTIPLEX INTEGRATED SYSTEM FOR TPA, DPP-4, MME, AND TIMP-1
As done for TIMP-1, we developed single immunoassays for tPA, DPP-4, and MME. The magnetic beads used for coupling the detection antibodies could be distinguished by their distinctive emission fluorescence and therefore could be mixed together. For the multiplex immunoassay, the beads used for capture and the antibodies for detection were prepared by mixing the 2500 couple beads and the detection antibodies used in the single assays. Single-antigen and singledetection cross-reactivity studies were performed to evaluate the specificity of the capture and detection antibodies. The single-antigen study was conducted by testing the individual antigen in the presence of multiplexed capture beads and detection antibodies. The single-detection study was conducted by testing the individual detection antibodies in the presence of multiplexed antigens and capture beads. For the multiplex LISAs, the same mixture of beads used in the multiplex immunoassay was used for capture, and 20 g/mL of biotinylated UEA, PHA-L, AAL, or VVA was used for detection.
Six serum samples prepared by supplementing a pooled serum (Sigma-Aldrich) with recombinant TIMP-1, tPA, DPP-4, and MME were used for method comparisons of the multiplex and single immunoassays. For the multiplex immunoassay, we established 1 calibration curve using 8 calibrators of 100, 25, 6.25, 1.56, 0.39, 0.1, 0.025, and 0 ng/mL recombinant tPA, MME, DPP-4, and TIMP-1, respectively. For the single immunoassays, 4 calibration curves were established using 8 calibrators of 100, 25, 6.25, 1.56, 0.39, 0.1, 0.025, and 0 ng/mL of recombinant tPA, MME, DPP-4, or TIMP-1. The same calibrators were used for comparisons of the multiplex and single LISAs.
DATA ANALYSIS
We established calibration curves for protein quantification using the 5-parameter nonlinear regression model in Bio-Plex Manager™ 6.0. Protein concentrations were calculated by using the calibration curves and reported by Bio-Plex Manager™ 6.0. We used Graphpad Prism 5.04 for linear regression and statistical analysis.
Results
Magnetic beads with different internal fluorescent molecules and different emitted fluorescences (30 ) have been used for multiplex immunoassays that allow simultaneous measurement of multiple proteins in a single sample (31) (32) . Building on the multiplexcapability of magnetic beads, we developed a multiplex system integrating protein quantification and glycan detection (Fig. 1) . This multiplex system used a standard multiplex immunoassay in which, for the detection of proteins, biotinylated detection antibodies were mixed together. However, for the detection of glycans, biotinylated lectins could not be mixed together because the same glycans could be found on different proteins. As a result, a single lectin was used for the detection of glycans on multiple proteins. This approach of using multiplexed detection of glycans in the magnetic bead system is similar to the detection of glycans in planar array systems such as antibody arrays (33 ) . It is easier, however, to prepare the beads in bulk and reconfigure them to measure a new set of analytes (34 ) , and this method involves fluid-phase kinetics, which is is faster than the solid-phase kinetics of planar arrays and therefore has shorter reaction times (35 ) .
MAGNETIC BEAD-BASED INTEGRATED SYSTEM FOR TIMP-1
Using TIMP-1 as a model protein, we demonstrated the feasibility of the integrated system for protein quantification and glycan detection. First, we developed a magnetic bead-based immunoassay for TIMP-1 protein. The calibration curve we established using recombinant TIMP-1 protein showed increased fluorescence signals with increasing TIMP-1 concentrations (Fig.  2A) . Once the immunoassay was developed, we selected lectins for the development of TIMP-1 LISAs. Antibodies are glycoproteins, and it is known that in LISAs glycans on antibodies may bind to detection lectins, potentially causing high background noise (6, 33, 36 ) . We tried 2 approaches to reduce the background: enzymatic digestion of the glycans off the antibodies and derivatization of the glycans with dipeptides to block glycan-lectin binding (37 ) . Although both approaches were successful in reducing the background for the majority of detection lectins tested (see online Supplemental Figs. 1 and 2) , the reduction was not universal. Through these experiments we also observed that not all of the lectins caused high background. We decided that instead of modifying glycans on the capture antibodies, we would circumvent the background issues by selecting the lectins to which the glycans on the antibodies did not bind. In addition, we determined the lectin-binding profile of recombinant TIMP-1 protein using tyramide signal amplification (36 ) . Among the lectins to which TIMP-1 bound, we selected UEA, AAL, PHA-L, and VVA for the development of the LISAs.
Dose-response curves of TIMP-1 LISAs (Fig. 2 , B-E) showed increased fluorescence signals in UEA, AAL, PHA-L, and VVA with increasing TIMP-1 concentrations. Sensitivity of the curves, calculated as changes of fluorescence intensity per TIMP-1 concentration, was used to establish the glycan profile of the recombinant TIMP-1 [ Fig. 2F ; mean (SD), 118 (7) for AAL; 44 (4) for VVA; 38 (1) for UEA; and 1.0 (0.2) for PHA-L]. The y intercept of 25 in the TIMP-1 PHA-L assay (Fig. 2D) was likely due to the PHA-L-associated glycans on the TIMP-1 capture antibody. The glycan structures of the same recombinant TIMP-1 were analyzed by Thaysen-Andersen et al. (17 ) , who showed, with the exception of a few core structures, predominantly core-fucosylated glycans to which AAL preferentially binds. This finding is consistent with the glycan profile established by the multiplex LISAs, as evidenced by the highest sensitivity TIMP-1 AAL assay of 118 (7) . In agreement with Thaysen-Anderson et al. (17 ) , the TIMP-1 LISAs showed that the recombinant TIMP-1 also contained terminal ␣1-2 fucosylated glycans associated with UEA, and tri-and tetraantennary corefucosylated glycans associated with PHA-L.
TIMP-1 was present in culture media of both PC3 and DU145 cells. Lectin microarray profiling indicated that TIMP-1 from these 2 sources had different glycans (see online Supplemental Fig. 3) . Consistent with the lectin microarray profiling results, TIMP-1 in DU145 medium showed more preferential binding to VVA than TIMP-1 in PC3 medium [shown in Fig. 3C ; mean (SD) 31 (2) vs 7.8 (0.7)]. In Fig. 3, A and B, AAL LISAs had background signals in the 300 -400 range, which was likely due to the AAL-associated glycans on the TIMP-1 capture antibody (38 ) . Using TIMP-1 from PC3 and DU145 cell culture media, we demonstrated that the magnetic bead-based system integrating protein quantification and glycan detection was capable of sensitive detection of proteins with differential glycan For protein quantification, magnetic beads coupled with antibodies were used for capturing proteins of interest, and biotinylated antibodies in combination with streptavidin-labeled phycoerythrin were used for detection. Multiplex glycan detection was achieved by running the assay multiple times, each with a different lectin.
structures. To validate the lectin specificity of UEA toward ␣1-2-linked fucose, we used TIMP-1 as the model protein. Forty-five minute treatment of TIMP-1 with ␣1-2 fucosidase, an enzyme that hydrolyzes the ␣1-2 linked fucose that UEA preferentially recognizes, decreased the fluorescence signals of TIMP-1 measured by the UEA LISA at various concentrations compared to those without the treatment (see online Supplemental Fig. 4) . These results supported the specificity of UEA toward ␣1-2 linked fucose.
MULTIPLEX MAGNETIC BEAD-BASED INTEGRATED SYSTEM FOR
TPA, DPP-4, MME, AND TIMP-1
tPA, DPP-4, and MME, in addition to TIMP-1, were included as model proteins to demonstrate the feasibility of the integrated system for multiplexing. As done for TIMP-1, magnetic bead-based single immunoassays were developed for tPA, DPP-4, and MME. We examined the multiplex ability of the 4 single immunoassays by performing single-antigen and singledetection cross-reactivity studies, the results of which showed that the degree of cross-reactivity across the 4 immunoassays was Ͻ2% (see online Supplemental Fig. 5) . By mixing the magnetic beads and the detection antibodies used in the single assays, we developed the multiplex immunoassay and evaluated it by comparing it to the single immunoassays for measuring concentrations of tPA, DPP-4, MME, and TIMP-1 in serum samples. Linear regression analyses showed that the multiplex-to-single assay comparisons had slopes of 0.93 (R 2 ϭ0.91), 1.05 (R 2 ϭ0.97), 0.87 (R 2 ϭ1.00), and 1.30 (R 2 ϭ1.00) for DPP-4, TIMP-1, tPA, and MME, respectively ( Fig. 4 ; also see online Supplemental Table 1 ). These results indicated that the multiplex immunoassay was comparable to the single assays in protein quantification.
Next, by replacing the mixture of detection antibodies in the multiplex immunoassay with UEA, AAL, PHA-L, or VVA, we developed the multiplex LISAs. We found that, similar to TIMP-1 antibody, the capture antibodies for tPA, DPP-4, and MME did not cause background binding to the selected lectins. We evaluated the performances of these assays by comparing them to the performances of the respective single LISAs. Both the multiplex and single LISAs gave low signals for the recombinant MME (data not shown), indicating that the recombinant MME had few or no glycan structures that were associated with UEA, AAL, PHA-L, or VVA. The glycan profiles established for recombinant tPA, DPP-4, and TIMP-1 by the single assays were similar to the profiles established by the multiplex assays (Fig. 5) . With the use of tPA, DPP-4, The glycan profile was established using the sensitivity of the dose-response curves, calculated as changes of fluorescence intensity per TIMP-1 concentration. A.U., arbitrary units.
Integrated Analyses of Proteins and Their Glycans
MME, and TIMP-1, the protein quantification and glycan detection on the multiplex integrated system was comparable to those of respective single immunoassays and single LISAs.
APPLICATION OF THE MULTIPLEX INTEGRATED ASSAY FOR EVALUATION OF BIOMARKERS IN AG PROSTATE CANCER
We applied the system to analyze 21 NAG tissues and 8 AG prostate cancer tissues to evaluate tPA, DPP-4, MME, and TIMP-1 and their UEA-and PHA-L-associated glycoforms as biomarkers in AG prostate cancer. Because of the system's sensitive, multiplex, and integrated merits, we were able to carry out the evaluation using 300 ng of tissue samples. Neither tPA nor MME, nor their glycoforms detected by UEA or PHA-L, could be used to distinguish AG cancer (Fig. 6 ). tPA is a tissue type plasminogen activator. The primary role of tPA is the generation of plasmin for fibrinolysis in blood vessels (39 ). The initial study in which we discovered tPA as a candidate biomarker for prostate cancer was performed with serum samples (16 ) . This use of serum might explain the lack of differences of tPA concentrations in AG and NAG prostate tissues. MME is a cell surface metallopeptidase. Expression of MME has been reported to be lost in several human tumors, including androgen-independent prostate cancer. Our data showed no difference in MME protein concentrations between AG and NAG prostate cancer tissues obtained from patients with androgen-dependent cancer. TIMP-1 has been shown to be decreased in prostate cancer tissues compared to noncancer tissues (15 ) . Our data showed that TIMP-1 protein concentrations did not differ between AG and NAG prostate cancer tissues. We were able to make the distinction, however, on the basis of the detection of UEA-associated fucosylated TIMP-1 ( Fig. 6, P ϭ 0.006) . DPP-4 is a cell surface serine protease associated with cancer suppression. DPP-4 also blocks fibroblast growth factor 2 signaling, altering the cell adhesion properties and malignant phenotype of prostate cancer cells (40 ) . Unlike DPP-4, the detection of UEA-associated fucosylated DPP-4 showed a statistically significant (P ϭ 0.003) increase in AG cancer. A preliminary experiment that used 10 NAG and 6 AG prostate tissues (see online Supplemental Fig. 6 ) showed the same patterns as those in Fig. 6 , indicating that the changes observed were consistent. In addition, in this experiment we tested the amount of tissue to be used in the system and found that 1500 ng of tissue gave the same patterns for distinguishing AG and NAG prostate cancer as 300 ng of tissue (see online Supplemental Fig. 7 ), highlighting the capabilities of this system in saving precious human samples.
Discussion
We were unable to distinguish between AG and NAG cancer with the detection of TIMP-1 and DPP-4, but we were able to make the distinction with the detection of fucosylated TIMP-1 and DPP-4. The results of the study highlight 2 merits of the multiplex and integrated system. First, because of its advantage in multiplexing, we used only 300 ng of tissue in protein for the validation and we saved quantities of the precious samples. Second, because of the advantages of integrated detection of glycoforms of proteins, we discovered that the use of fucosylated TIMP-1 and DPP-4 was associated The recombinant MME had few or no glycan structures associated with UEA, AAL, PHA-L, or VVA, and therefore its glycan profile was not included.
with improved performance over the use of proteins in distinguishing AG and NAG prostate cancer. Although recombinant proteins are widely used as standards in protein quantification, whether they are appropriate as standards for the detection of protein glycans, in our opinion, depends on the contexts in which they are being used. If used as standards for the quantification of protein glycoforms, such as the percentage of AFP-L3, highly purified single glycoforms of recombinant proteins should be used. The recombinant glycoproteins produced through current protein engineering technology would not be appropriate, because they usually exist in heterogeneous, rather than single, glycoforms. On the other hand, if the recombi- nant glycoproteins were to be used only as model proteins to demonstrate the feasibility of an analytical system, such as the integrated system in this study, they should be appropriate. Antibody characteristics such as affinity and specificity can be used to determine the performance of immunoassays (32 ) . To select the best antibody pair to develop the magnetic bead immunoassays for TIMP-1, MME, DPP-4, or tPA, we reviewed the information provided by antibody vendors on the specificity of the antibodies. A monoclonal antibody is preferred for use as the capture antibody because it is potentially more specific than polyclonal antibodies. In addition, when experimental conditions are kept constant, results from monoclonal antibodies are highly reproducible because of the homogeneity of monoclonal antibodies. Commercially available biotinylated antibodies for the detection antibody are preferred over nonbiotinylated antibodies. Antibodies generated using proteins as immunogens are preferred over polypeptides. Furthermore, we used indirect LISAs to perform in-house testing of the affinity and specificity of the selected antibodies toward the recombinant protein. Once the immunoassays were developed, we used the same capture antibodies for the development of LISAs.
In summary, we developed a magnetic beadbased multiplex system that allows for sensitive, multiplex, integrated detection of glycoproteins and their glycoforms. Although TIMP-1 and DPP-4 could not be used for distinguishing AG and NAG cancer, their fucosylated glycoforms could. This result highlights the importance of the integrated detection of glycoproteins and their glycoforms. Through integrated detection, we might be able to discover glycoforms of proteins with improved performance as biomarkers.
